p63, p73 and p53 compose a family of transcription factors involved in cell response to stress and development. p53 is the most frequently mutated gene in cancer (50%) and loss of p53 activity is considered to be ubiquitous to all cancers. Recent publications may have a profound impact on our understanding of p53 tumour suppressor activity. p63, p73 and p53 genes have a dual gene structure conserved in drosophila, zebrafish and man. They encode for multiple p63, p73 or p53 proteins containing different protein domains (isoforms) due to multiple splicing, alternative promoter and alternative initiation of translation. In this review, we describe the different isoforms of p63, p73, p53 and their roles in development and cancer. The changes in the interactions between p53, p63 and p73 isoforms are likely to be fundamental to our understanding in the transition between normal cell cycling and the onset of tumour formation. Cell Death and Differentiation (2006) 1-5 p53 protein is the product of a pivotal tumor-suppressor gene whose inactivation by mutation or interaction with viral or overexpressed cellular proteins occurs in almost all cancers. 6 The p53 protein integrates multiple cellular stress signals assessing cellular damages to trigger either cell-cycle arrest or programmed cell death (apoptosis).
Introduction
p53 was discovered in 1979 as a protein interacting with the oncogenic T antigen from SV40 virus. [1] [2] [3] [4] [5] p53 protein is the product of a pivotal tumor-suppressor gene whose inactivation by mutation or interaction with viral or overexpressed cellular proteins occurs in almost all cancers. 6 The p53 protein integrates multiple cellular stress signals assessing cellular damages to trigger either cell-cycle arrest or programmed cell death (apoptosis). 7 These effects are predominantly due to p53's ability to bind DNA through p53-responsive element (p53RE) 8, 9 and regulate the transcription of genes involved in these processes, such as p21 10 (cell cycle arrest), Puma 11 or Scotin 12 (apoptosis). Thereby, p53 prevents proliferation of genetically abnormal cells and thus cancer formation.
Two p53-related genes, p63 and p73, were identified in 1997. 13, 14 The high level of sequence similarity between p63, p73 and p53 proteins, particularly in the DNA binding domain, allows p63 and p73 to transactivate p53-responsive genes causing cell cycle arrest and apoptosis. Therefore, p63, p73 and p53 genes form a family of transcription factor. However, they are not functionally entirely redundant and the primary role of each p53 family member -as determined by transgenetic knockout mice -illustrates that each protein has its own unique functions.
We recently published that the p53 gene family has a dual gene structure conserved from drosophila to man. 15 Like most of the genes in the human genome, 16 p53 gene family members express multiple mRNA variants due to multiple splicing and alternative promoters. Hence, p53 gene family members express different forms of p53 protein containing different domain of the protein (isoforms). In this review, we will summarise the different isoforms of p63, p73 and p53 expressed in human, mouse and drosophila.
p63
The mouse p63 gene is composed of 15 exons spanning over 208 000 bp (GenBank Accession Number: AF533892) on chromosome 16, while the human p63 gene is composed of 15 exons, spanning over 270 000 bp on chromosome 3q27 (GenBank Accession Number: AC078809 (exon 1), AC117486 and AC063939) (for a review see McKeon 17 ). The discovery of an internal promoter within the p53 family was first made with p63. 13 The human and mouse p63 genes express at least three alternatively spliced C-terminal isoforms (a, b, g), and can be transcribed from an alternative promoter located in the intron 3 ( Figure 1a ). The transactivating isoforms (TAp63) are generated by the activity of the promoter upstream of exon 1 while the alternative promoter in intron 3 leads to the expression of amino terminally truncated isoforms (DNp63) lacking the transactivation domain. Altogether, the p63 gene expresses at least six mRNA variants which encode for six different p63 protein isoforms (TAp63a, TAp63b, TAp63g, DNp63a, DNp63b, and DNp63g) (Figure 1b ).
The TAp63 isoforms are able to bind to DNA through p53RE and activate transcription of target genes. Such activation can induce cell cycle arrest or apoptosis, which has lead to this subset of p63 isoforms being described as 'p53-like'. Recent studies indicate that p63 proteins can bind DNA through response element (p63RE) slightly different to p53RE conferring responsiveness to p63 but not p53 proteins. 18, 19 The DNp63 isoforms can bind DNA through p53RE and can exert dominant-negative effects over p53, p73 and p63 activities by either competing for DNA binding sites or by direct protein interaction (for a review Benard et al 20 ) . DNp63 isoforms were also shown to directly activate specific gene targets not induced by TA isoforms. 21, 22 By expressing TAp63 and DNp63 isoforms, p63 has the ability to regulate a number of genes with diverse roles and possesses opposing regulatory effects depending on the form used.
So far, there have been limited data concerning the expression patterns of individual p63 proteins, due to a lack of antibodies that distinguish between the different isoforms (a, b, g). DNp63 isoforms are abundantly expressed in the progenitor cell layers of skin, breast and prostate, while TAp63 proteins are barely detectable, indicating a switch in expression of p63 isoforms during normal cellular differentiation (for a review, see McKeon 17 ). In squamous carcinomas, DNp63 is the main isoform expressed, and it was thought to play an important role in keeping the cells in a stem cell-like state continually allowing proliferation and thus promoting tumour growth. However, a recent study challenges this interpretation. Koster et al. 23 demonstrate that TAp63 isoforms are the first to be expressed during embryogenesis and are required for initiation of epithelial stratification. In addition, TAp63 isoforms inhibit terminal differentiation, suggesting that TAp63 isoforms must be counterbalanced by DNp63 isoforms to allow cells to respond to signals required for maturation of embryonic epidermis and to differentiate.
p63 and cancer
The role of p63 in cancer is still unclear (for a review, see Mills 24 ). Some p63 þ /À mice are cancer-prone 25 while other genetic background p63 þ /À mice show premature aging but no cancer. 26 In humans, the p63 gene can be frequently amplified in squamous cells in lung 27 and cervical carcinomas. 28 TAp63 proteins are expressed in the nuclei of a subpopulation of lymphoid cells and in most malignant lymphomas, whereas DNp63 proteins are not expressed. 29, 30 Biological activities of the p63 isoforms Genetic experiments on mice have shown that p63 is essential for epidermal morphogenesis and limb development. p63-null animals do not survive beyond a few days after birth, show craniofacial malformations, limb truncations and fail to develop skin and other epithelial tissues. 13, 31 Although less severe than the phenotype observed with the knockout mice, germ line mutations of p63 are found in humans 32 35 are caused by missense mutations in exon 13 mutating only TAp63a and DNp63a isoforms. This strongly suggests that TAp63a and DNp63a isoforms have distinct biological activities to the other p63 isoforms. TAp63a and DNp63a isoforms are necessary to normal ectodermal development of specific organs. This suggests that each p63 isoform has specific biological and biochemical activities. Future studies will probably aim to establish a phenotype-genotype correlation for p63 gene mutations and p63 isoform expression.
p73
The mouse and human p73 genes are composed of 15 exons spanning over 80 000 bp (GenBank Accession Number: AL806525) on chromosome 4 and on chromosome 1p36.3 (GenBank Accession Number: AL136528), respectively. The p73 gene expresses at least seven alternatively spliced Cterminal isoforms (a, b, g, d, e, z and Z) (for a review, see Moll and Slade 36 and Melino et al 37 ) and at least four alternatively spliced N-terminal isoforms initiated at different ATG. 38 Like p63, the p73 gene can be transcribed from an alternative promoter located in the intron 3 ( Figure 2a ). The transactivating isoforms are generated by the activity of the promoter upstream of exon 1 while the alternative promoter in intron 3 leads to the expression of amino terminally truncated isoforms (DNp73) lacking the transactivation domain. Altogether, the p73 gene expresses at least 35 mRNA variants, which can encode theoretically 29 different p73 protein isoforms (Figure 2b ). So far, 14 different p73 protein isoforms have been described. In contrast to p63, p73 isoforms can be initiated from different ATG and contain different part of the Nterminal domain, suggesting that they can have distinct protein interactions and specific activities (Figure 2b ). It should be noted that the total number of p73 isoforms is probably not definitive as all alternative splicing combinations have not been explored. Moreover, to our knowledge, it has not been shown which form of p73 protein is expressed from the DN 0 p73 mRNA. As this variant contains the three first exons of TAp73, it is very likely that translation is initiated from the first ATG located in exon 2 leading to expression of a short p73 protein composed only of the N-terminal domain of p73 as exon 3 0 contains a stop codon. The TAp73 isoforms are able to bind specifically to DNA through p53RE and activate transcription of target genes. Like p53, such activation can induce cell cycle arrest or apoptosis. The DN isoforms bind DNA through p53RE and can exert dominant-negative effects over p53, p73 and p63 activities (for a review, see Benard et al 20 and Melino et al 37 ). DNp73 isoforms were also shown to directly activate specific gene targets not induced by TA isoforms. 39 The DNp73 isoforms can act in a dominant-negative manner by either competing for DNA binding sites or by direct protein interaction, and as a result show antiapoptotic characteristics. Recent studies indicate that p73 proteins can bind DNA through response element slightly different to p53RE conferring responsiveness to p73 but not p53 proteins. 19 
Biological activities of the p73 isoforms
So far, there have been limited data concerning the expression patterns of individual p73 proteins, due to a lack of antibodies that distinguish between the different isoforms. The p73 gene is expressed in all normal tissues studied to date, although expression is at very low level.
The p73 variants have been shown in mouse and cell culture studies to have distinct roles. Rather strikingly, the predominant form of p73 in the developing mouse brain is in fact DNp73 and not the TA proteins. 40 The DNp73 isoforms are highly expressed in the developing mouse brain. During the normal 'sculpting' of the developing mouse neuronal system, DNp73 isoforms are needed to counteract p53-mediated neuronal death. The removal of the nerve growth factor (NGF) leads to both an induction of p53-mediated cell death and a decrease of DNp73. The importance of DNp73 in this system is demonstrated by the fact that increasing DNp73 levels alone rescues the sympathetic neurones from death. 40 The p73 gene is also developmentally regulated during kidney organogenesis. The spatiotemporal switch from DNp73 to TAp73 may play an important role in the terminal differentiation program of the developing nephron. 41 Although the DN isoforms are generally thought to be dominant-negative in their activity, DNp73b and DNp73g have in fact been found to be active in transactivation and growth suppression in cell culture models, while DNp73a is not. 39 The C-terminally spliced p73 variants have also been found to have different transcriptional activity. 42 The expression of certain C-terminal variants as opposed to others has been correlated with normal myeloid differentiation. p73a and p73b are linked with normal myeloid differentiation, while p73g, p73d, p73e and p73y are linked with leukaemic blasts, with p73e being specific for leukaemic blast cells. 43 Further evidence for a role in cellular differentiation suggests that TAp73g and TAp73d may be involved in the terminal differentiation of human skin keratinocytes. 44 Mice, functionally deficient for all p73 isoforms, exhibited profound defects, including hippocampal dysgenesis, hydrocephalus, chronic infections and inflammation, as well as abnormalities in pheromone sensory pathways, however, did not show any increase susceptibility to cancer. 45 The p73-deficient male mice lacked both interest in sexually mature females and aggressive responses to other males. p73À/À male and female mice were reproductively deficient. No structural abnormalities in the reproductive organs of either male or female p73À/À mice were observed, but the highest level of p73 RNA in the mouse was found in the neuroepithelium of both the embryonic and adult vomeronasal organ, an accessory olfactory structure involved in Roles of p53/p73/p63 isoforms F Murray-Zmijewski et al . Ex2/3p73 proteins are due to alternative splicing of exons 2 and 3. They have entirely lost the transactivation domain (TA) and are initiated from exon 4. To our knowledge, the protein encoded by DN 0 p73 mRNA has not been described. DN 0 p73 variant is often overexpressed at the mRNA level in tumours. DN 0 p73 is due to alternative splicing of exon 3 0 contained in intron 3. Theoretically, DN 0 p73 mRNA would encode either for a short p73 protein or p73 protein isoforms identical to DNp73. DN 0 p73 mRNA contains the normal initiation site of translation in exon 2 (ATG in perfect kozak sequence) and a stop codon in exon 3 0 . Therefore it could encode for a short p73 protein composed only of the transactivation domain (FxxcW). It is possible that translation of DN 0 p73 mRNA is initiated from the third ATG available present in exon 3 0 and leading to p73 protein identical to DNp73 protein isoforms. DNp73 proteins encoded from promoter P2 are amino-truncated proteins containing an Nterminal domain different from TAp73 proteins. Numbers indicate the exons encoding p73 protein isoforms Roles of p53/p73/p63 isoforms F Murray-Zmijewski et al pheromone detection. These results suggested that additional defects of sensory or hormonal pathways may contribute to the reproductive and behavioural phenotypes of p73-deficient mice. 45 Contrary to p63, no human genetic disorders have been associated yet with germ line mutation of the p73 gene.
p73 and cancer
The p73 gene, though mutated rarely, does show a significant incidence of loss of heterozygosity in a number of different cancers. p73 isoform is differentially expressed in a number of tumours including: bladder, breast, lung, neuroblastoma and hepatocellular carcinoma, compared to the tissue of origin (for review see Moll and Slade 36 and Melino et al 37 ). However, RT-PCR was carried out in most of these studies so the levels of p73 protein and the isoforms were not assessed. As with p63, the N-terminally truncated p73 proteins -DNp73, ex2p73 and ex2/3p73, which all have antiapoptotic functions -have been found to be upregulated in many cancers. Moreover, the ex2p73 appears to be a cancer-specific isoform given that it is not expressed in normal tissues, but has been found in ovarian, vulval and neuroblatoma cancers. 46, 47 The overexpression of DNp73 has been shown to be a poor prognostic marker in patients suffering from neuroblastoma. In a study of 52 patients, those that were DNp73-negative had an overall survival rate of B80%, compared to the DNp73-positive patients, all of whom died. This suggests that DNp73 function is important for tumour survival, possibly by inhibiting the apoptotic activities of p53 and TAp73. 48 
p53
The mouse p53 gene is composed of 12 000 bp, spanning over 11 exons (GenBank Accession Number: NC_000077) on chromosome 11, while the human p53 gene is composed of 19 200 bp, spanning over 11 exons (GenBank Accession Number: NC_000017) on chromosome 17p13.1. Until recently, the p53 gene structure was much simpler. Only one promoter and three mRNA splice variants were described for p53, which would encode respectively full-length p53 (FLp53), p53i9 49, 50 and D40p53. 51, 52 The variant p53i9 is encoded by alternative splicing of the intron 9, a p53 protein isoform truncated of the last 60 amino acids of p53, defective in transcriptional activity. D40p53 (also named p47 or DNp53) is an amino-terminally truncated p53 isoform deleted of the first 40 amino-acids. D40p53 protein can be generated either by an alternative splicing of the intron 2 or by alternative initiation of translation. The D40p53 protein still contains part of the p53 transactivation domain and can activate gene expression after transfection through a second transactivation domain located between amino-acid 43 and 63.
53 D40p53 can also act after transfection, in a dominant-negative manner towards WTp53 inhibiting both p53 transcriptional activity and p53-mediated apoptosis. 52 D40p53 can modify p53 cell localisation and inhibits p53 degradation by MDM2 52 (for a review, see Mills 54 ). However, this human p53 gene structure is not consistent with our current understanding of the evolution of the p53 gene family. Mammalian genomes contain three members of the p53 family while only one member has been identified in invertebrates, suggesting that the mammalian p53 family members are derived from the triplication of one ancestral gene. We recently published that human p53 gene has indeed a dual gene structure similar to p73 and p63 genes (Figure 3a) . 15 We identified that p53 gene transcription can be initiated from two distinct sites upstream of exon 1 and from an internal promoter located in intron 4. The alternative promoter leads to the expression of an amino-terminally truncated p53 protein initiated at codon 133 (D133p53). The intron 9 can be alternatively spliced to produce three isoforms p53, p53b and p53g, where the p53b and p53g isoforms lack the oligomerisation domain. Therefore, the human p53 gene can encode at least nine different p53 protein isoforms, which we named accordingly to p63/p73 nomenclature p53, p53b, p53g, D133p53, D133p53b and D133p53g due to alternative splicing of the intron 9 and usage of the alternative promoter in intron 4, and also D40p53, D40p53b, D40p53g due to alternative splicing of the intron 9 and alternative initiation of translation or alternative splicing of the intron 2 52 ( Figure 3b ). p53 variant mRNA are expressed in several normal human tissues in a tissuedependent manner, suggesting that the internal promoter and the alternative splicing of p53 can be regulated. p5319 is identical to p53b.
It has recently been reported that alternative splicing of the exon 7 of p53 leads to a p53 isoform deleted of the conserved box V in the DNA binding domain (Dp53). 55 This splicing is quite remarkable as it is not consistent with any known rules of splicing, which are strictly conserved through all eukaryotes. Despite all our efforts, we could not detect by PCR, the variant Dp53 in 21 normal human tissue analysed (brain, heart, lung, liver, colon, bone marrow, thymus, spleen, testis, prostate, uterus, skeletal muscle, stomach, kidney, placenta, fetal brain, fetal liver, salivary gland, adrenal gland, thyroid, breast) nor in tumours (106 breast tumours, 80 AML, 40 head-neck tumours). This could be because of tissue specific expression. One would need to wait for a specific antibody against Dp53 to determine its endogenous protein expression in tissue and tumours.
We have shown that endogenous p53 isoforms are expressed at the protein level but cannot be identified by a commonly available p53 antibody. It is only by raising a specific anti-p53b antibody that we demonstrated expression of the endogenous p53b and D133p53b protein isoforms. This implies that p53g, D133p53g and D133p53 are expressed at the protein level. We are currently raising new antibodies specific of p53g and D133p53 proteins. p53 isoforms can have distinct biochemical activities. p53b binds preferentially the p53-responsive promoters p21 and Bax rather than Mdm2, while p53 binds preferentially to Mdm2 and p21 rather than Bax promoters. p53b can form a protein complex with p53 and can specifically enhance p53 transcriptional activity at the Bax promoter, while it has no effect on the p21 promoter. Co-transfection of p53 with p53b increases slightly p53-mediated apoptosis, while co-transfection of p53 with D133p53 strongly inhibits p53-mediated apoptosis in a dose dependent manner. This suggests that a subtle and complex balance between the different p53 isoforms and p53 could regulate cellular fate outcome in response to p53 activation. 15 Roles of p53/p73/p63 isoforms F Murray-Zmijewski et al
Although the extent of p53 isoform expression in cancers has yet to be fully investigated, our preliminary analysis indicates that p53b expression is frequently lost and D133p53 is frequently overexpressed on breast tumours, while only 25% of breast tumours express mutant p53. The abnormal expression of p53 isoform could disrupt the p53 response, making the cells more susceptible to further genetic damage and, therefore, tumour progression. The differential expression of p53 isoforms in human tumours may provide some explanation to the difficulties in many clinical studies to link p53 status to the biological properties and drug sensitivity of human cancers.
In order to clarify the relevance of the p53 isoforms in cancer, it will be essential to investigate their expression in a wider series of human tumours.
Conservation through evolution of the p53 gene structure
All the p53 gene family members contain an internal promoter suggesting that they derive from the triplication of an ancestral gene. However, only one transcript has been described for drosophila p53 gene (dp53). 56, 57 By amplifying capped transcripts, we identified two additional transcripts containing two novel exons (A and B) located upstream of the previously identified dp53 gene. 15 One mRNA encodes for a drosophila p53 protein of 495 aa (110 aa longer than the dp53 initially published) with a longer N-terminal domain containing the conserved transactivation domain FxxcW. The second mRNA contains still, the intron B and encodes for a short drosophila p53 protein of 110 aa, containing only the Roles of p53/p73/p63 isoforms F Murray-Zmijewski et al N-terminal domain. Therefore, the promoter that had been characterised in previous studies was in fact, an internal promoter. This indicates that the internal promoter is conserved among the p53 gene family and through evolution, from drosophila to man. It strongly suggests that the internal promoter plays an essential role in the multiple activities of the p53 family members.
Consistent with this hypothesis, D113p53, the homologue of human D133p53 in zebrafish, has been identified and characterised by genetic experiments. 58 The authors determined that D113p53 expression is regulated by def (digestive-organ expansion factor) gene. A loss-of-function mutation in def confers hypoplastic digestive organs and selectively upregulates the expression of D113p53 but not p53, resulting in compromised organ growth in def mutant Zebrafish.
Evidence to date suggests that there may be important differences between the p53 isoforms expressed in mouse and human cells. It was described that the mouse p53 gene contains one promoter and transcribes only two mRNA variants with an alternative splicing of the intron 10 encoding for a p53 protein (p53AS) containing still the oligomerisation domain, but missing the last 30 amino acids of full-length p53, 59 while human p53b and p53g have lost the entire oligomerisation domain. Mouse p53AS isoform is constitutively active for sequence-specific DNA binding and can transactivate p53 target genes but inhibits full-length p53 mediated apoptosis. 60 p53AS is induced by actinomycin D, while human p53 protein isoforms are not accumulated in tumour derived cell lines in response to actinomycin D. 61 However, the p53AS isoform appears to be mouse-specific as it has not been found in rat or human. 62, 63 These findings imply that the generation of functionally different forms of p53 by alternative splicing of p53 transcripts is a species-specific event, possibly indicating species-specific mechanisms for regulating p53 activities. Up-to-date, no alternative promoter has been reported for mouse p53 gene. Our preliminary data indicate that the mouse p53 gene contains an alternative promoter in intron 4 like drosophila, human and zebrafish p53 genes.
Biological activities of p53 and its isoforms
Mice, functionally deficient for all p53 isoforms (knock-out p53 or p53 À/À ), are developmentally normal but are prone to the spontaneous development of a wide variety of neoplasms by 6 months of age. 64 In different genetic backgrounds, p53
À/À mice are cancer-prone but also show abnormal development. A significant proportion of female p53 À/À mice die during embryogenesis, in the period between birth and weaning, Figure 4 Expression and biological activities of p53 protein isoforms. (a) Immunoprecipitation of endogenous p53b and D133p53b protein isoforms from U2OS protein extract. Protein from U2OS and H1299 cells cultured under standard cell culture conditions were extracted and treated for immunoprecipitation as described previously. 13 Briefly, proteins were extracted in lysis buffer (Tris 50 mM pH 7.5; 10% glycerol, 100 mM NaCl, 0.2 mM EDTA, 0.1% NP-40, 0.2 mg/ml RNase, 0.2 mg/ml Dnase, 1 mg/ml protease inhibitor (Roche complete Pefabloc)). In total, 100 mg total protein extract was incubated overnight at 4C with 5 mg of peptide b-affinity purified rabbit polyclonal antibodies KJC8 or KJC40 or pre-immune sera as a control. p53 content was revealed after western-blot using sheep polyclonal antibody (SP) antihuman p53.
13 10% of the input was loaded as a control. KJC8 and KJC40 rabbit polyclonal antibodies were raised against the same peptide-b. KJC8 and KJC40 antibodies immunoprecipitate endogenous p53b and D133p53b in U2OS cell protein extract. Only KJC8 can co-immunoprecipitate p53 with p53b and D133p53b, probably because KJC8 and KJC40 recognise different amino acids of the peptide-b (TLQDQTSFQKENC). The secondary HRP-anti-sheep-antibody crossreacts with light chain of rabbit IgG (IgG). (b) 293 cells express several p53 isoform proteins. 293 cells, expressing endogenous WT p53, were seeded at 80% confluency and cultured for 24 h under standard cell culture conditions. Proteins were extracted and analysed (10 mg protein) by Western blot using a panel of anti-human p53 antibodies. The sheep polyclonal (SP) and rabbit polyclonal (CM1) antibodies were raised against full-length human p53. The mouse monoclonal DO-1 is specific of the N-terminal domain (amino-acid 19-25) of human p53. The rabbit polyclonal p53Ser15 antibody is specific for p53 proteins phosphorylated on Ser 15 at the N-terminal end. Rabbit polyclonal KJC8 antibody is specific of p53b, D40p53b and D133p53b. The secondary antibody HRP-anti-rabbit IgG was used as a control (ctrl). The marker (m) is indicated in kDa. Bands a and b contain full-length p53. Bands c and d contain p53b. Bands e and f contain amino-truncated p53 protein since DO-1 does not reveal them. The rabbit polyclonal p53Ser15 antibody reveals that p53 protein isoforms can be phosphorylated on Ser15. (c) p53 protein isoforms expression in several cell lines. Protein from different cell lines cultured under standard cell culture conditions were extracted in RIPA buffer (0.1% SDS, 1% NP-40, 0.5% DCA, 1 mM EDTA, 0.2 mg/ml RNase, 0.2 mg/ml Dnase, 1 mg/ml protease inhibitor (Roche complete Pefabloc)) and analysed by Western blot as described.
13 p53 protein isoforms were detected using rabbit polyclonal CM1, while p53b protein isoforms were revealed using peptide-affinity purified KJC8 antibody. H1299 is a lung cancer cell line devoid of p53 gene expression (homozygous partial deletion of the p53 gene). SW620 and HT-29 are colon cancer cell lines expressing mutant p53. 293 cells are kidney cell lines expressing WT p53 inactivated by interaction with adenovirus E1B protein. U2OS is an osteosarcoma cell line expressing WT p53. MCF7 is a breast cancer cell line expressing WT p53. T47D is a breast cancer cell line expressing mutant p53. HCT-116 is a colon cancer line expressing WT p53. HCT-116À/À cell line derives from HCT-116 cells where the two p53 alleles have been sequentially disrupted by insertion in the exon 2 of two promoterless targeting vectors, each containing a geneticin-or hygromycin-resistance gene in place of genomic p53 sequences. HCT-116À/À cells have lost full-length p53 expression but still express p53 isoforms at the mRNA and protein levels as detected by CM1 and KJC8 antibodies (D40p53b and D133p53b). DO-1 antibody cannot detect p53 protein in HCT-116À/À because its epitope encoded by exon 2 has been disrupted. As the mouse monoclonal anti-p53 (1801) (epitope 46-55 aa) can detect a p53 protein of 45 kDa (data not shown), it suggests that translation of p53 protein has been initiated at codon 40. (d) Transcriptional activity of p53 protein isoforms on PG13-promoter. H1299 cells were cotransfected with the plasmid PG13-Luc containing the luciferase reporter gene driven by a p53-responsive promoter (1 mg/ml), a trace amount of pSVrenilla (0.02 mg/ml) as an internal control, and 0.5 mg/ml of indicated p53 isoform expression vector. In the experiments of co-expression of p53 with p53 isoforms, H1299 cells were cotransfected with the plasmid PG13-Luc (1 mg/ml), a trace amount of pSVrenilla (0.02 mg/ml) as an internal control, 0.5 mg/ml of WT p53 and an increasing concentration (0.25, 0.5 and 1 mg/ ml) of DNp53 expression vector or 1 mg/ml of p53b or of DNp53b expression vectors. The amount of SV-40 promoter was maintained constant at 2 mg/ml in each transfection by adding empty SV-40 expression vector. Luciferase activity was normalised to Renilla activity. Results shown are the average of four independent experiments performed in duplicate. S.D.'s are indicated as error bars. (e) p53 isoforms are defective in promoting apoptosis but D133p53 inhibits p53-mediated apoptosis. H1299 cells were transfected with 5 mg/ml of the indicated expression vector or empty SV-40 expression vector (sv). In the experiments of co-expression of p53 with p53 isoforms, H1299 cells were cotransfected with 5 mg/ml of p53 expression vector and 5 mg/ml of the indicated p53 isoforms expression vectors. The amount of SV-40 promoter was maintained constant at 10 mg/ml in each transfection by adding empty SV-40 expression vector. The DNA content of each transfected population was determined by flow cytometry analysis. The percentage of sub-G1 DNA content represents the percentage of apoptotic cells 48 h after transfection. The histogram represents the average of three independent transfections. S.D.'s are reported as error bars because of developmental abnormalities. In 23% of p53 À/À female embryos, the normal process of neural tube closure fails, leading to exencephaly and subsequent anencephaly. In addition, many of these embryos exhibit craniofacial malformations, including ocular abnormalities and defects in upper incisor tooth formation. These defects may arise either because p53 plays a physiological role at the time of neural tube closure or because of an abnormally high frequency of mutation within the haploid gametes of p53-null parents. 65, 66 Knockin heterozygote p53 mice (p53 þ /DNp53 ) expressing amino-truncated p53 proteins are less susceptible to cancer than heterozygote p53 þ /À mice but develop concomitant accelerated aging phenotype. Knockin homozygote mice (p53 DNp53/DNp53 ), expressing only amino-truncated p53 proteins, are cancer-prone like p53 À/À mice, and do not show any accelerated aging phenotype, indicating that that is dependent on the effect in trans of DNp53 on wild-type p53. 67, 68 Knockin heterozygote p53 mice (p53 þ /M ) expressing one mutant p53 allele, bearing a point mutation in the DNA binding domain, are as susceptible to cancer as heterozygote p53
þ /À mice but do not show any accelerated aging phenotype. 69, 70 This indicates that DNp53 proteins and point mutant p53, mutated in the DNA-binding domain, act
Roles of p53/p73/p63 isoforms F Murray-Zmijewski et al differentially towards wild-type p53 causing totally different phenotypes.
Furthermore, mice expressing additional copies of the entire p53 gene ('super p53' mice) do not show accelerated aging phenotype but are significantly more sensitive to ionising radiation and less cancer-prone than normal mice. 71 Altogether, this suggests that the ratio DNp53/full-length p53 (FLp53) are essential to tissue regeneration and longevity; this may be by affecting stem cells proliferation and tolerance to cellular damage. This hypothesis is supported by two recent publications. The authors 58 report that a loss-offunction mutation in def gene in Zebrafish confers hypoplastic digestive organs and selectively upregulates the expression of D113p53 (homologue of human D133p53) but not p53. The increased expression of D113p53 selectively induces the expression of p53-target genes involved in cell cycle arrest but not in apoptosis, resulting in compromised organ growth in def mutant Zebrafish. This demonstrates that D113p53 can control in vivo p53 target gene expressions, and thus regulate tissue growth/organogenesis in Zebrafish. In another report, 15 the authors show in human cells that p53b can form a protein complex with p53 and binds preferentially to p21 and Bax promoters rather than to Mdm2 promoters. Co-expression of p53b with FLp53 enhances specifically Bax promoter activity, but not p21 promoter activity without affecting FLp53 level. This indicates that p53b enhances selectively p53 transcriptional activity on some promoters by not increasing FLp53 protein expression.
In humans, inactivation of p53 is the most common event in cancer and patients born with germ-line mutation in one allele of the p53 gene develop various cancers early in their life (Li-Fraumeni Syndrome). 6 As p53 isoforms are encoded by exons different from FLp53, mutations occurring upstream of codon 133 or downstream of codon 331 would affect some p53 isoforms but not others. This may lead to the loss of some p53 biological activities, keeping others unaffected as it has already been observed for germ-line mutation of the p63 gene (see previously). It would be interesting to reanalyse p53 mutation in cancer and Li-Fraumeni syndrome in light of this.
One can wonder how p53 protein isoforms, which can be less abundant than FLp53, can modulate p53 biological activities. p53 protein is subject to post-translational modifications on multiple sites (phosphorylation, acetylation, methylation, ubiquitination, sumoylation and neddylation). Therefore, p53 protein is not expressed as a major unique protein but as a multitude of different post-translationally modified p53 proteins (Figure 3c and Figure 4) . Moreover, p53 binds p53 responsive element and induces gene expression as a tetramer (dimer of a dimer). 72 As a result, p53 protein isoforms (p53b, p53g, D133p53, D133p53b, D133p53g y) may be abundant enough to interact directly or indirectly with specific subsets of post-translationally modified p53, to bind and regulate specific promoters or protein complexes. It is also possible that each p53 protein isoform have specific biological activities independent of FLp53. This may explain how p53 can be involved in the regulation of various biological functions (i.e. cell-cycle arrest, apoptosis, differentiation, replication, DNA repair, meiosis, mitosis, etc).
Interplay Between p63/p73/p53 Isoforms
Interaction between the family members and their isoforms may prove to be an extremely important aspect of cancer research. In this sense, there is evidence that the interaction between p53, p73 and p63 can be involved in carcinogenesis. p53 mutants, which have lost their tumour suppressor capacity, are significantly capable of binding and inactivating p73 isoforms. 69, 70, 73 Taken together, these findings imply that mutant p53 is not only able to disrupt the function of p53 itself, but that it is also able to inhibit the apoptotic function of TAp73.
Interaction on Promoters of Target Genes
The p53 protein family members interact with each other to induce a number of common target genes. The significance of p63 and p73 binding to p53-responsive promoters, and the importance of each family member, is demonstrated by the fact that p53 cannot induce apoptosis in response to DNA damage, without the presence of p63 and p73. 74 In p63/p73 À/À double null mouse embryo fibroblasts (MEFs), the apoptotic genes Bax, Noxa and PERP were not induced in response to DNA damage, while p21 induction was normal. p53 was absent at the Bax, Noxa and PERP promoters when p63 and p73 were not there. However, p63 could still bind these promoters in the absence of p53, suggesting that p63 is perhaps required for p53 to be recruited and function properly. Together, this illustrates that either p63 or p73 are vital for p53-induced apoptosis and, furthermore, that they themselves are an important component of the p53 tumour suppressor activity. 25 Although the presence of p63 and p73 at p53-responsive promoters is significant, it will also be crucial to identify p63/p73 specific targets. Within the entire family, there are common and preferred gene targets and it will be essential to assess the functions of each of the isoforms, based on their binding to specific promoters or proteins.
Interaction on p53, p63, p73 Promoters
The p53 family members not only induce a number of common target genes but also they can regulate each other's expression. p53 and TAp73 can bind to the DNp73 promoter (P2) and induce its transcription. 75 DNp73 in turn inhibits p53 and TAp73 activity by competing for promoter sites or directly binding the proteins. Thus, a negative feedback loop is created, analogous to the p53/Mdm2 loop. It will be interesting to determine whether p53/p63/p73 can bind to and regulate the internal promoter of p63 or p53, and whether this generates a feedback loop itself. Furthermore, it will be interesting to ascertain under what circumstances these feedback loops change to favour the expression of one isoform to another.
With this in mind, we may then be able to, for example, switch the p53 response from cell cycle arrest to apoptosis by altering the dynamics of the p53/p63/p73 isoforms.
The p53/p63/p73 family members are capable of interacting in many ways that involve direct or indirect protein interactions, regulation of same target gene promoter and regulation of each other's promoters. Although the proteins and their isoforms are expressed at various levels depending Roles of p53/p73/p63 isoforms F Murray-Zmijewski et al on tissue type and developmental stage, the presence of an isoform at low levels does not necessarily mean it is insignificant. The p53 family members and their isoforms can bind differentially to promoters and it may well prove that the ratio between isoforms is an important cell fate determinant. Further work on the interplay between the p53/p63/p73 proteins will be essential in understanding their individual and collective roles. The changes upon stimuli of the balance and interactions between the isoforms are likely to be fundamental to our understanding in the transition between normal cell cycling and the onset of tumour formation.
